Chemical evolution is the process through which simple compounds generate organic compounds essential for the development of life. The stability of organic compounds is an essential factor in the evaluation of plausible scenarios for the formation of organic molecules in the primitive Earth. In this context, we studied the steady-state γ-radiolysis of alpha-ketoacids (αKA) of prebiotic importance in aqueous solutions at high irradiation doses. These compounds participate in a variety of pathways in the metabolism of living organisms. The acids under study have the general formula R-(C=O)CO 2 H (R=CH 3 pyruvic acid; R=CH 2 CO 2 H oxalacetic acid; R=CH 2 CH 2 CO 2 H α-ketoglutaric acid). We carried out the irradiation in a 60 Co gamma source, with doses up to 300 kGy. For the analysis, we used various spectroscopic and chromatographic analytical methods. The gamma irradiation of α-ketoacids formed appreciable amounts the saturated carboxylic acid with one C-atom less compared to the target compound and the dimeric products.
Introduction
The alpha ketoacids (αKA), also called 2-oxoacids, have the interesting feature of the second carbonyl group: a ketone group and a carboxylic acid. They present keto-enol tautomeric equilibrium [1] , dominating the keto form ( Fig. 1) , except for oxaloacetic acid because its structure stabilized the enol form (~ 20%).
The radiation chemistry behavior of αKA is scarce, and a systematic study is needed because the presence of the keto group (C=O) makes these types of compounds reactive toward radiation. In our previous papers, we studied the radiolytic behavior of carboxylic acids related to the Krebs cycle [2] [3] [4] , and pyruvic acid [5] showed that in basic pH a dimerization reaction of the radical ion formed by irradiation is the main reaction product. Also, we have studied the behavior of some small aldehydes in an aqueous solution such as formaldehyde [6] , glycolaldehyde and glyceraldehyde [7, 8] that showed that are very reactive toward irradiation giving rise compounds of prebiotic significance. In this paper, further experiments are presented on the separation and characterization of the radiolytic products of pyruvic acid, oxaloacetic acid, and α-ketoglutaric acid (αKG) in acid media. In this context, the results are related to chemical evolution studies, because some of them participated in metabolic processes, and they are the raw materials for the synthesis of more complex molecules. The study of chemical evolution provides insights into the steps that preceded the appearance of life [9, 10] . A critical factor in chemical evolution is related to the chemical stability of the molecules formed by abiotic processes and exposed to several sources of energy. One probable source present in the early Earth is radioactivity [11, 12] because it existed since the formation of the planet, and the organic compounds present in environments with high radioactivity may have interacted with the radiation. To this end, we undertook the study of radiolytic behavior of alpha-keto acids of biological importance and the extent of their stability under a high radiation field.
Experimental

Glassware and reagents
The glassware was treated according to the procedure recommended by [13, 14] . Pyruvic acid (CH 3 (CO)CO 2 H), oxalacetic acid (HO 2 CCH 2 (CO)CO 2 H), and α-ketoglutaric (αKG) or 2-oxoglutaric acid; (HO 2 C-CH 2 CH 2 (CO)CO 2 H) were purchased from Sigma-Aldrich Chemical Co. (USA) of the highest purity available. Pyruvic acid was purified by distillation under a vacuum and stored at 4 °C in an argon atmosphere [15] . For other reagents, further purification was not performed. For the esterification procedure, methanol/BF 3 from Applied Science Laboratory (USA) was employed. For αKG derivatization for HPLC o-phenilendiamine from Sigma Chem. Co. (USA) was used.
Triple-distilled water was obtained according to the standard procedures used in radiation chemistry [13, 14] . Only fresh solutions were used for irradiations.
Preparation of solutions
Aqueous solutions were prepared in a range of concentrations of 0.05-0.1 M, and at pH acid (~ 2-3 depending on the acid), some samples were irradiated at pH = 1 and were adjusted with HClO 4 . The water used was triple-distilled according to the procedures used in radiation chemistry [13, 14] . The containers were modified glass syringes, and oxygen-free solutions were prepared as described in [13] .
Irradiation
The solutions were irradiated in glass syringes at different doses from 0 to 300 kGy in a 60 Co gamma source, Gammabeam 651 PT; the dose rate was 22.8 kGy/h. For hydrogen determination, another 60 Co source was used, Gammacell-200-with a dose rate of 1.15 kGy/h, both at Instituto de Ciencias Nucleares, UNAM. The dose was calculated by a Fricke-Copper sulfate dosimeter [13, 14] .
Analysis
The irradiated samples were analyzed immediately after irradiation.
Gas analysis
Gas solid chromatography was used for the gas analysis. The samples were in special glass tubes with a stopcock that was connected to a Toepler pump-gas chromatograph, according to [17] .
Non-volatile compounds
The analysis of the non-volatile compounds was performed by gas-liquid chromatography, using the methyl ester of the corresponding acid for its identification and estimation by following the procedure given in [18] . For the identification of radiolytic products, we used a gas chromatograph coupled to a mass detector (HP-5890A) with a capillary column filled with methyl silicon, 12 m in length and an internal diameter of 0.2 mm. Helium gas was the carrier gas. Pyruvic acid and α-ketoglutaric were also analyzed by high performance liquid chromatography (HPLC). Pyruvic acid samples were injected in a HPLC chromatograph PerkinElmer series 200 equipment with UV-detector. The chromatographic conditions were: Anionic exclusion column. Mobil phase: 90% H 2 SO 4 0.001 5 M 10% water. Flow rate 0.6 mL/min. Sample size 25 µL.
For the analysis of α-ketoglutaric acid also, a derivatization method was used, according to Montenegro et al. [18] . The obtained derivative was then analyzed by ultra-highperformance liquid chromatography (UHPLC). The chromatographic analysis was carried out on a UHPLC Ultimate 3000 chromatographic system (Thermo Scientific ® ), by a Halo C 8 column ® (50 × 4.6 μm). A UV-Vis Dione UltiMate 3000 VWD (Thermo Scientific detector ® ) was used and the detection wavelength was 340 nm. The mobile phase consisted in 90% ammonium acetate (8 mM, pH 4.5) and 10% methanol solution, at 0.3 mL/min. The sample volume injection was 20 µL. 
Results and discussion
The main products identified in these systems and the initial yield G 0 in which they were produced are presented in Tables 1 and 2 . The yield was determined by G yield-doseplotted as the limiting value at low dose. In radiation chemistry, G value is the radiochemical yield, and it is defined as the number of molecules changing for 100 eV energy absorbed by the system or is also expressed as µmol/J [19] .
Gas products
The gas analysis indicated the formation of H 2 and CO 2 . The yield of molecular hydrogen was measured at two different pH values (1 and 2.4). Hydrogen yield was independent of the dose. Only traces of CO were detected. Table 1 shows the yields of formation of hydrogen and carbon dioxide, and the yield of destruction of αKA, and Table 2 the main products formed.
Non-volatile radiolytic products
The disappearance of the ketoacids was followed as their transformation in methyl esters, according to [16] . For nonvolatile radiolytic products, the chromatograms obtained at different radiation doses revealed the presence of several carboxylic acids (Fig. 2) .
The identifications of the carboxylic acids were based on comparison with standard compounds, co-injections, and their mass spectra fragmentation patterns. The analysis of the compounds formed by irradiation showed, in all the systems under study, that dimerization and addition reactions are the dominant pathways in their radiolysis of the aqueous system, and some of the products increased in molecular weight concerning the target compound. Table 3 presents some of the results for the α-ketoglutaric acid. Other non-volatile products also were detected, but they were in minor proportion. Their mass spectra identified the radiolytic products, but for some of them, their G 0 were not evaluated due that the peaks in the chromatograms were small (Fig. 3) . Some of the possible pathways for the formation of the observed products are: (1) abstraction of a hydrogen of the αKA molecule with a · H/ · OH radical from the water radiolysis products; (2) addition of the · OH radical to the enol form of the αKA, yielding the saturated acid and carbon dioxide;
(3) reduction of the keto group, yielding the corresponding alcohol; (4) addition of the e − aq to the alpha carbonyl group, yielding a diol; and (5) decarboxylation of the αKA, yielding an aldehyde and carbon dioxide. Some of the products formed for these pathways were not observed, one reason may be their high reactivity toward irradiation as soon as they are formed, they decomposed and presented low yield of formation.
The pH of the solutions was naturally acidic, and in this condition, the e − aq -formed by the radiolysis of water was converted (~ 98%) into an · H radical by a reaction with H 3 O + [20] .
The concentration of alpha ketoacids was sufficiently high to ensure complete scavenging of · OH and · H radicals. At a pH of 2, approximately 88% of the acids are in an undissociated form [1] . This form is known to react efficiently with the radiolytic products of water ( · H, · OH, and e − aq ). In these experiments, for oxalacetic acid and pyruvic acids, the ratio between the partial rate of hydrogen and
other reactions that do not yield H 2 was determined by measuring the yield of hydrogen from irradiated solutions. From this, yield can be calculated according to [21] , less than 1% reacted by an abstraction reaction and the primary fate of · H radicals was by addition to the keto/enol forms of the αKA. In acid media, the gamma radiolysis of ketoacids yields 2-hydroxy acids with the disappearance of the keto group. α-ketoglutaric acid yielded 2-hydroxy-glutaric acid, and pyruvic acid yields lactic acid. Oxalacetic acid yields malic acid, but this compound is very reactive toward irradiation, and it was not observed. The addition of · OH to the double bond of the enol form of the αKA can be in C 2 or C 3 , yielding two different compounds. However, the saturated acid was the most abundant. The compounds formed by this mechanism are acetic acid from pyruvic acid and succinic acid from α-ketoglutaric acid. The compound formed was dose-dependent in the range studied and is susceptible toward the irradiation. For example, for αKG at doses higher than 40 kGy, the main compound is succinic acid (the saturated acid), and after its accumulation, it began to compete for the water radiolytic products. The fate of succinic acid is the formation of its dimer. Some possible radiation mechanism is presented in Scheme 1.
The yield of carbon dioxide was high, indicating a decarboxylation process.
Chemical evolution relevance
αKA and the acids related to the citric acid cycle are of paramount importance in biochemical pathways such as glycolysis, tricarboxylic acid cycle-processes possibly among the earliest in the development of life [22] . However, their abiotic synthesis is still challenging due to its high chemical reactivity. Recently, these compounds have been detected in carbonaceous meteorites, including Murchison, Murray and Allan Hills (ALH) 83102, as part of other acids such as hydroxy-carboxylic acids, and tricarboxylic acids [23] . This finding opens the possibility of a prebiotic source for these compounds from a distant source, besides local synthesis. For the formation of these compounds in extraterrestrial bodies, or on the Earth, it is necessary an energy source. A ubiquitous and important source of energy, may be radiation. The exposure of extraterrestrial bodies, such as meteorites, comets, or on the primitive Earth, to interstellar radiation, and radioactivity [11, 12] may affect the production/decomposition of those organic compounds (11) . The irradiation of various starting compounds, including HCN, or simple carboxylic acids produced some compounds found in meteorites [2, 16, 24] . To understand the role of αKA and to consider the combinations formation/destruction of these kinds of molecules, the detailed study of their stability is essential. These studies showed that the selected keto acids are relatively stables in aqueous solutions, so all the changes observed in the samples were produced by the ionizing radiation. The radiolysis experiments show that the keto tautomer is, in general, more easily decomposed than its corresponding enol form.
Conclusions
The radiation chemistry of an aqueous solution of alpha ketoacids acids at larger doses, such as those used in the present work, is of interest in chemical evolution studies to promote the formation of complex molecules and to study the stability of αKA in the presence of a high radiation field simulating the primitive Earth. Under the conditions employed, alpha ketoacids decompose, forming a variety of carboxylic acids of biological importance. The results tend to substantiate that irradiation on the primitive Earth could have contributed to the formation of bioorganic molecules before life itself. αKA can be interconverted in other carboxylic acids related to the Krebs cycle and with a nitrogen source, for example with NH 3 present during the irradiation can form amino acids. For chemical evolution processes, it is important to understand how these kinds of molecules may have become part of important pathways.
